Abstract
INtRODUCtION
Evolution of self-fertilization from cross-fertilization is one of the most prevailing trends in angiosperms and has been documented to have occurred independently in a number of lineages (Darwin 1876; Barrett and Harder 1996; de Vos et al. 2014) . Seed production in various cross-fertilized flowering plants is often limited by deposition of insufficient pollen (Knight et al. 2005) , and reduced reproductive success due to limited pollination services may cause selection on floral traits (Chapurlat et al. 2015; Sletvold et al. 2016) . Consequently, it has been suggested that various species evolve towards self-fertilization from cross-fertilization because self-fertilization could provide reproductive assurance for plants in habitats without a reliable pollination service or mating partners (Carlson et al. 2008; de Vos et al. 2012; Zhang and Li 2008) . Although self-fertilization of hermaphrodite flowers can occur spontaneously within a flower (autonomous self-fertilization) or be caused passively by a pollinator (facilitated self-fertilization) (Anderson et al. 2003) , only autonomous self-fertilization is capable of providing reproductive assurance if the pollinator is rare or absent; on the other hand, plants get reproductive assurance from facilitated self-fertilization only when pollinators are abundant and mates are scarce (Anderson et al. 2003) .
The most widespread floral feature promoting cross-fertilization in plants is the spatial separation of male and female functions (herkogamy) (Lloyd and Webb 1986) . The degree of herkogamy is of great importance for hermaphrodites, that is, it is thought that the capacity for autonomous self-fertilization in a hermaphrodite will increase by reducing the degree of herkogamy. For instance, Brys and Jacquemyn (2011) found a close relationship between the capacity of autonomous self-fertilization and the degree of herkogamy by comparing three Centaurium species. Certain other genera have been reported to have evolved to self-fertilization via reducing the herkogamy in the flower, including Primula (de Vos et al. 2012) and Gentianopsis (Duan et al. 2010) . Reciprocal herkogamy is a special form of herkogamy characterized by the reciprocal placements of stigma and anthers between two (distyly) or three (tristyly) floral morphs of a species. The distylous species has the short-styled and long-styled morphs in a population. In many distylous species, the reciprocal herkogamy is linked with a self-and intra-morph incompatibility system (dimorphic SI system) that prevents self and intra-morph fertilization. According to the disassortative hypothesis proposed by Darwin, the function of reciprocal herkogamy is considered as promoting precise pollen transfer between morphs of a species (Darwin 1877) . Distyly is reported to be evolutionarily unstable in various groups, and frequently evolves towards self-compatible homostyly, by a recombination event occurring in the supergenes of the short-styled morph (Barrett and Shore 2008) .
Most species of Primula are distylous and have a strict dimorphic SI system (Richards 2002) . However, self-compatible homostylous species are also commonly reported in this genus (Richards 2002; de Vos et al. 2012) . Distylous species with homostylous variants are sometimes considered to be in the process of evolving from obligate cross-fertilized distyly towards self-fertilized homostyly (Crosby 1949; Fisher 1949) , although some controversy surrounds this (Bodmer 1960) . These species can provide useful model systems to investigate questions concerned with the ecological factors responsible for the evolutionary transition from cross-fertilized distyly to self-fertilized homostyly. However, only two primroses that have distylous and homostylous plants co-occurring in populations have been investigated: Primula vulgaris (Boyd et al. 1990; and Primula veris (Fisher 1949) . To better understand the evolutionary relationship between distyly and homostyly in this genus, more studies need to be carried out in species that simultaneously possess distylous and homostylous plants.
Primula chungensis has long-, short-, and homo-styled morphs ( Fig. 1 and supplementary Fig. S1 ), but was once viewed as a completely homostylous species (Ernest 1955; de Vos et al. 2014; Mast et al. 2006) . Recently, it has been suggested that P. chungensis was undergoing the transition from distyly to homostyly (Zhou et al. 2017) . Here, we determined the benefit of autonomous self-fertilization in this species by comparing the capacity for autonomous self-fertilization between distylous and homo-styled morphs of P. chungensis. In addition, some plants that vary in the degree of herkogamy in the flower between short-and homo-styled morphs were found in the field (supplementary Fig. S2 ), and all three morphs in P. chungensis were highly self-and intra-morph compatible. Therefore, these plants of P. chungensis are ideal for the examination of whether plants can obtain more reproductive assurance by reducing the herkogamy in the flower. We are interested in determining (i) whether P. chungensis can obtain more reproductive assurance by reducing the herkogamy in the flower. (ii) Whether autonomous self-fertilization can provide reproductive assurance for the homo-styled morph of P. chungensis in the field.
MAtERIALS AND MEtHODS

Study species and site
Primula chungensis is a perennial herb belonging to sect. Prolifera (Primulaceae) (Richards 2002) . The flowering time of P. chungensis lasts from May to June, and each flower lasts for ~4-6 days. A rosette of P. chungensis produces 1-2 inflorescences and each scape bears 15-55 orange flowers. The long-styled (L-) and short-styled (S-) morphs have reciprocal placements of the stigma and anthers ( Fig. 1c and d) , and the homo-styled (H-) morph places anthers and stigma at the same level near the mouth of the floral tube (Fig. 1b) . Each plant of P. chungensis just produces one flower morph. P. chungensis is distributed throughout southeastern Tibet, southwestern Sichuan Province and northwestern Yunnan Province between 3000 and 3800 m a.s.l (Richards 2002) . We performed experiments in a tri-morph population at the Southeast Tibet Ecologic Station (ES), Chinese Academy of Sciences (29°33.675′ N, 94°44.675′ E 3328 m a.s.l), and in a monomorphic population located on Mt. Gawalong, Bomi county (BM) (29°47.24′ N, 95°41.49′ E 3689 m a.s.l).
Flower trait and morph ratio
Three floral traits (the degree of herkogamy, the corolla width and the floral tube length) were measured with the aid of digital calipers in 2013. A flower was randomly taken from the distal part of an inflorescence, and in total, 79 flowers of the L-morph, 79 flowers of the S-morph and 65 flowers of the H-morph were measured. The herkogamies of the S-and H-morphs were measured as the distance from the stigma to the lowest point of anthers, and the herkogamy of the L-morph was measured as the distance between the stigma and the highest point of anthers. The corolla width was measured as the widest part of the corolla and the floral tube length was determined by the distance from the base to the mouth of the floral tube.
In order to estimate the amount of pollen and the number of ovules per flower, one flower bud was collected from the distal part of an inflorescence in 2013, and a total of 30 flower buds were collected from each morph. The stamens from each flower bud were preserved in a separate 1.5 ml Eppendorf tube. After the stamens were fully dehiscent, 1000 µl 70% ethyl alcohol was added into each tube. The pollen mixture was well mixed, and the number of pollen grains were estimated under a microscope by pipetting 1 µl pollen mixture from the Eppendorf tube onto a glass slide. The pollen grains in 1 µl were counted, and this was repeated using five different drops. The average of the five different counts plus 1000 was considered to be the number of pollen grains per flower. Ovules were counted immediately under a stereoscope with the gynoecium fixed in 70% ethyl alcohol. One-way ANOVA was performed to compare the floral traits as well as the productions of pollen and ovules with 'morph' as the fixed factor. The pollen/ovule ratio was determined for each flower bud, and the average of the 30 samples was taken as the pollen/ ovule ratio for each morph.
We found seven populations of P. chungensis between 2013 and 2016: population ES, population BM, Mt. Sejila (SJL) (29°33.68′ N, 94°33.21′ E 3729 m a.s.l), Bingzhan (BZ) (29°48.39′ N, 94°44.72′ E 3135 m a.s.l), Lulang town (LLT) (29°41.37′ N, 94°43.87′ E 3450 m a.s.l), Muli county (ML) (28°12.14′ N, 101°07.53′ E 3353 m a.s.l) and Zhongdian county (ZD) (27°34′57.38″ N, 99°59′43.06″ E 3430 m a.s.l) (Fig. 2) . The morph ratio of each population was assessed by collecting a flower from a total of 384 plants in population SJL, 110 plants in population LLT, 1466 plants in population ES, 347 plants in population BZ, 667 plants in population BM, 46 plants in population ML, and 28 plants in population ZD. We also recorded the positions of anthers and stigmas in herbarium records kept at KIB (http://www.kun.ac.cn/) and SCBG (http://herbarium.scbg.cas.cn/) to determine the morph ratio of a population in Chayu county, Tibet (CY).
Controlled pollination
Controlled pollination was carried out in population ES in 2014. We randomly bagged 18 well grown individuals of each morph, after the flower buds that served as the maternal parents had been emasculated prior to anther dehiscence. Our unpublished data implied that the ovule and seed productions of P. chungensis sequentially decreased from the basal to the distal parts of an inflorescence. Thus, to avoid the potential effects of resource allocation within inflorescence on the results, we carried out the controlled pollination experiments using only flowers in the 2nd and 3rd whorls. A total of 432 flowers from 54 plants were emasculated and tagged. On the first day of flowering, the stigmas of the emasculated flowers were brushed with the dehiscent stamens. Each plant received four kinds of pollen, i.e. pollen from L-morph (LP), pollen from S-morph (SP), pollen from H-morph (HP) and the pollen from same individual (PP). Four pollination treatments were performed on each of the three morphs and each pollination treatment was repeated on 36 flowers, in total, 432 maternal flowers were pollinated. Controlled pollinations were performed with forceps, and the forceps were cleaned with 70% alcohol when the pollen source changed. Each maternal flower was marked with a string on the pedicel, with the colour of the string corresponding to the source of pollen. Fully mature capsules (in which the seeds had turned black) were collected about 50 days after hand-pollination, and the number of seeds in each capsule was counted by separating them on a piece of blank paper.
The capsules consumed by insects were viewed as having successfully born fruits. However, in order to eliminate the effects of potential hand-pollination errors or damage from seed predators on the results, the capsules from controlled pollinations with no seeds or those predated by insects were excluded from comparisons of the mean seed production among the four pollination treatments (supplementary Fig.  S3 ). The self-incompatibility index (SCI) and intra-morph incompatibility index (MCI) that were proposed by Lloyd and Shone (1992) and further modified by Ferrero et al. (2011) were applied to infer the degree of the dimorphic SI system in each of the three morphs of P. chungensis. The SCI was calculated as the average seed production following inter-morph pollinations divided by the average seed production following self-pollination. The MCI can be expressed as the average seed production following inter-morph pollinations divided by the average seed production following intra-morph pollinations. The species was considered self-or intra-morph compatible if the SCI or the MCI, respectively, was over 0.75. Since the H-morph was similar with the S-morph in various floral traits (e.g. pollen production, floral tube length and corolla width), the inter-morph pollination of the H-morph Figure 2 : the morph ratios in population SJL (n = 384), LLT (n = 110), ES (n = 1466), BZ (n = 347), BM (n = 667), ML (n = 46), ZD (n = 28) and CY (n = 3) of Primula chungensis are plotted based on both the investigation in the field and examination of herbarium records. The size of each pie is approximately equal to the relative sample size of the population.
was regarded as the flower of the H-morph pollinated by the pollen of L-morph. One-way ANOVA was applied to compare the average seed production following the four pollination treatments for each maternal morph with the 'pollen source' as the fixed factor and 'individual' as a random factor. The fruit sets were compared between the four treatments using a logistic regression model.
Relationship between the degree of herkogamy and reproductive assurance
The degree of herkogamy remained constant throughout the lifetime of a flower, and was also similar between flowers in different positions on a particular inflorescence (unpublished data). Three flowers from each individual were randomly selected to determine the degree of herkogamy of each inflorescence. The degree of herkogamy was evaluated by subtracting the style length from the height of the lowest point of the anthers. A negative value of herkogamy indicated that the stigma was below the lowest point of the anthers. We did not select plants of the L-morph in the experiment, since we could not find any variation of the degree of herkogamy between the H-morph and L-morph.
To understand the relationship between the capacity for autonomous self-fertilization and the degree of herkogamy, we transplanted 20 well-grown individuals with various degrees of herkogamy (from S-and H-morphs) to a pollinator-excluded shade house early in the early flowering season of 2015. Forty inflorescences varying in the degree of herkogamy (from S-and H-morphs) were marked in the population ES in the field. Two flowers from each tagged inflorescence were emasculated on the day before anther dehiscence by picking out the anthers carefully from the flower tube. Another flower of the same plant was supplementarily hand-pollinated at the end of flowering with the pollen of L-morph. Both the emasculated and the supplementarily hand-pollinated flowers were marked with a string tied onto the pedicel with the string colors corresponding to the treatments. Any remaining flowers on the tagged inflorescences were left intact to assess the seed production following open pollination. Three tagged plants in the field were destroyed by mammals and three transplanted plants died probably due to inappropriate transplanting. At the end of June, fruits from 17 transplanted plants and 37 plants in the natural habitat were collected, after all the fruits had reached maturity, and the number of seeds from each capsule was counted.
The contribution of cross-fertilization to overall fertilization was calculated as the average seed production of intact flowers divided by the seed production of the emasculated flower from the same inflorescence. The magnitude of pollen limitation was calculated as the mean seed production of intact flowers divided by the seed production of supplementarily hand-pollinated flower from the same inflorescence. The correlations between the degree of herkogamy and the mean seed production of pollinator-excluded plants, as well as between the degree of herkogamy and the fruit set of open-pollinated plants were regressed with an NLIN model, since the degree of herkogamy was not linearly correlated with the mean seed production of pollinator-excluded plants and the fruit set of open-pollinated plants. The correlations between the degree of herkogamy and the contribution of cross-fertilization to overall fertilization, between the degree of herkogamy and the magnitude of pollen limitation, between the degree of herkogamy and the fruit set of pollinator-excluded plants, as well between the degree of herkogamy and the mean seed production of the open-pollinated plants were all determined with the Spearman Correlation Analyses (PROC CORR), since the sample sizes were relatively low.
Comparison of reproductive assurance between self-and cross-fertilized morphs
Seeds following open pollination
To assess the seed production of P. chungensis in the populations ES and BM in 2013, 18 inflorescences of the S-morph, 38 inflorescences of the H-morph, and 17 inflorescences of the L-morph were tagged in the population ES, and 29 inflorescences of the H-morph were tagged in population BM. Eight inflorescences of each of the S-and L-morphs, and 10 inflorescences of the H-morph were tagged in the population ES, and 23 inflorescences of the H-morph were tagged in the population BM in 2014. The marked infructescences were harvested after reaching complete maturity and the seeds in each capsule were counted. A total of 357 capsules of the S-morph, 385 capsules of the L-morph and 389 capsules of the H-morph were collected from the population ES, and 414 fruits of the H-morph were collected from population BM in 2013. In 2014, 255 capsules of the H-morph, 204 capsules of the S-morph and 181 capsules of the L-morph were collected from the population ES, and 198 fruits of the H-morph were collected from the population BM.
Capacity for autonomous self-fertilization
In 2013, we investigated the capacity for autonomous self-fertilization in P. chungensis by randomly bagging 10 inflorescences of each morph in the population ES and 12 inflorescences of the H-morph in the population BM to exclude pollinators. Flowers were removed to avoid potential contamination by the pollen from other individuals. A total of 33 flowers of the L-morph, 39 flowers of the S-morph, 40 flowers of the H-morph were bagged in the population ES, and 79 flowers of the H-morph were bagged in the population BM. The mature capsules were collected in early August, and the seeds in each capsule were counted.
Contribution of cross-fertilization to overall fertilization
To understand the differences in the contribution of crossfertilization to overall fertilization between the three morphs of P. chungensis, we excluded the effect of self-fertilization on overall fertilization by emasculating the flowers in the field. At the peak flowering season in 2013, a total of 40 flowers of the H-morph, 36 flowers of the L-morph, 40 flowers of the S-morph in the population ES were emasculated prior to anther dehiscence and 30 flowers of the H-morph in the population BM were emasculated prior to anther dehiscence. The emasculated flowers were labelled with a string on the flower pedicel. We did not observe an obvious foraging preference in the major pollinators (bumble bees) between the emasculated and intact flowers. Mature fruits were collected in midAugust and the seeds from each capsule were counted. The contribution of cross-fertilization to overall fertilization was calculated by the average seed production of intact flowers divided by the mean seed production of emasculated flowers.
The seed production following open pollination, emasculation and bagging treatments were compared with one-way ANOVA. A post-hoc Tukey test was run to determine whether the comparison between sets if the P value of the ANOVA was statistically significant (P < 0.05). The fruit sets following open pollination, emasculation and bagging treatments were analysed with a logistic regression model.
Inbreeding depression at the germination stage
Mature seeds from each capsule were kept at 4°C after being fully dried in air, with the seeds from each capsule being stored in a separate small paper bag labeled with the number of seeds, the maternal code and the pollen source. To investigate inbreeding depression of P. chungensis in terms of seed mass, the seeds from each capsule from the controlled pollination experiment were weighed on an analytical balance. The average seed weight of each capsule was calculated as follows: (the total weight of the seeds per capsule)/(the number of seeds per capsule). In 2015, to assess the germination rate, the seeds following the controlled pollinations were kept at -20°C for 7 days so as to break potential dormancy. For each maternal morph, seeds from twelve capsules from the outbreeding treatments (four capsules from each outcrossing treatment) and ten capsules from the self-pollination treatments were placed in a cabinet with a 12-h light and 12-h dark photoperiod where the temperature was controlled to 25°C by day and 18°C by night. A seed was defined as having germinated if the length of the sprout was more than the diameter of the seed after 40 days. The seed weights following the four pollination treatments were analyzed with a one-way ANOVA, and the germination rates were compared using Chi-square tests between the selfing and crossing seeds. The ANOVA analyses were implemented using the GLIMMIX procedure. All the data in this paper are reported as mean ± SE, and the statistical analyses were performed in SAS version 9.2.
RESULtS
Flower trait and morph ratios
The plants of P. chungensis were grouped into three floral morphs on the basis of the degree of herkogamy (supplementary (Fig. 2) .
Controlled pollination
There were no significant differences in the seed production following the four different pollination treatments in the L-morph (HP: 138 ± 12.12, SP: 143.27 ± 8.77, LP:111.69 ± 13.44 and PP:129.52 ± 12.58; F 3, 124 = 1.85, P = 0.1423) (Fig. 3a) or the H-morph (HP:127.91 ± 10.41, SP: 136.37 ± 13.27, LP: 105.11 ± 13.55 and PP: 132.07 ± 11.67; F 3, 118 = 2.26, P = 0.1482) (Fig. 3c) . However, a significant difference in seed production following the four pollination treatments was observed in the S-morph, with the most seeds being produced following pollination with the pollen of L-morph (HP: 146.26 ± 10.15, SP: 137.46 ± 11.73, LP: 176.71 ± 6.73 and PP: 142.94 ± 10.59; F 2, 139 = 3.89, P = 0.0107) (Fig. 3b) . Fruit set did not vary greatly among the pollination treatments performed on the L-morph (HP: 91.67%, SP: 94.44%, LP: 86:11% and PP: 86.11%; χ 2 = 1.9106, P = 0.5912) (Fig. 3a) , the S-morph (HP: 100%, SP: 97.2%, LP: 100% and PP: 100%; χ 2 = 0.014, P = 0.9997) (Fig. 3b) and the H-morph (HP: 100%, SP: 91.67%, LP: 80.56% and PP: 86.11%; χ 2 = 1.7857, P = 0.618) (Fig. 3c) . 
Relationship between herkogamy and reproductive assurance
An exponential correlation was found between the degree of herkogamy and the seed production of bagged plants (Fig. 4a) , and the degree of herkogamy was also positively correlated with the fruit set in these plants (Fig. 4b) . The degree of herkogamy was significantly correlated with the seed production of open-pollinated plants (Fig. 4c) , and there was also a positive logarithmic correlation between the degree of herkogamy and the fruit set in these plants (Fig. 4d) . No significant correlation was found between the degree of herkogamy and the contribution of cross-fertilization to overall fertilization (Fig. 4e) . A significant negative correlation was found between the degree of herkogamy and the magnitude of pollen limitation (Fig. 4f) . (Fig. 5a ). The mean seed productions following the bagging treatment were significantly different among sets, and the H-morph showed the highest fertilization (H: 121.01 ± 4.22, S: 10.03 ± 3.98, L: 9.85 ± 2.56 and H-morph in BM: 85.58 ± 8.84; F 3, 187 = 46.49, P < 0.0001) (Fig. 5b) . The fruit set following the bagging treatments was also significantly different among sets (H: 100%, S: 33.33%, L: 33.33% and H-morph in BM: 74.68%; χ 2 = 6.6813, P = 0.0097) (Fig. 5b) .
Comparison of reproductive assurance between self-and cross-fertilized morphs
The three morphs of P. chungensis did not show significant differences in the seed production following the emasculation experiment (H:60.93 ± 9.24, S:58.36 ± 7.59, L:62.82 ± 9.03 and H-morph in BM:55.99 ± 7.92; F 3, 142 = 2.82, P = 0.0512), and the fruit set following the emasculation treatments was not significantly different (H:75%, S: 85%, L: 83.33% and H-morph in BM: 66.67%; χ 2 = 22.3329, P < 0.0001). In 2013, pollinators were found to have contributed 50.15% to overall fertilization in the H-morph, 98.89% to that of the S-morph, and explained all of that of the L-morph. The selfing and crossing seeds did not significantly differ in their germination rate in the three morphs of P. chungensis, and the weights of the seeds following the four kinds of pollination treatments were not significantly different (Table 1) .
DISCUSSION
Distyly is one of the most important floral polymorphisms promoting cross-fertilization (Barrett and Shore 2008) , but is evolutionarily unstable in the field (de Vos et al. 2014) . Distyly is frequently reported to evolve to dioecism (Ornduff 1966 ), or break down into self-fertilized homostyly (de Vos et al. 2014) . P. chungensis was suggested to be evolving from distyly towards homostyly (Zhou et al. 2017 ). The present study suggests that the distyly of P. chungensis is probably evolving towards homostyly due to the benefit of reproductive assurance in a pollination limited environment. We believe this work provides a case study in which to promote our understanding of the selection for the breakdown of a key floral syndrome restricting autonomous self-fertilization. The three morphs of P. chungensis were highly self-and intra-morph compatible, despite the fact that the S-morph exhibited weak dimorphic SI (Fig. 3b) . The magnitude of the dimorphic SI system in the S-morph has been frequently documented to be greater than that of the corresponding L-morph in other distylous species (Ernst 1955; Nishihiro and Washitani 2011; Wedderburn and Richards 1990) . Primula is regarded as evolving from a homostylous ancestor, and the dimorphic SI system is one of the most important criteria to determine whether a homostylous species in this genus evolutionarily occurs before its distylous relatives or not. A homostylous species without dimorphic SI system is considered as ancestral (Al Wadi and Richards 1993) . However, molecular evidence suggests that the most recent common ancestor of Primula is distylous (Mast et al. 2006) . This finding challenges the traditional thought that the homostylous species in this genus occur earlier than their distylous relatives. P. chungensis is regarded as primary in Primula (Al Wadi and Richards 1993) mainly because the H-morph of this species loses the Figure 3 : the fruit set (n = 36 per treatment; black column) and mean seed production (gray column) of the controlled pollination performed on Primula chungensis are plotted with the maternal morph being: (a) long-styled morph, (b) short-styled morph and (c) homostyled morph. No significant difference is found among the pollination treatments applied on long-styled or homo-styled morphs, but a significant difference is found on the mean seed production among the pollination treatments conducted on short-styled morph, and significant differences are labeled with different letters.
dimorphic SI system (Ernest 1955) . We demonstrated that a residue of the dimorphic SI system occurs in the S-morphs of P. chungensis (Fig. 3b) . This finding is contrary to previous assumptions that P. chungensis is a completely H-species without a dimorphic SI system (Al Wadi and Richards 1993; Ernest 1955) . Our results also suggest that a primary homostylous species (such as P. chungensis) may retain some residuals of a dimorphic SI system, which provides new information for the study of the evolutionary relationship between homostyly and distyly in Primula.
Our results suggest that reducing the herkogamy would increase the capacity for autonomous self-fertilization, reduce the pollen limitation, and significantly increase the overall seed production for a self-compatible species in a pollination limited habitat (Fig. 4) . The degree of herkogamy is known to affect the capacity for autonomous self-fertilization, and in some species (e.g. Hibiscus laevis) the stylar branches are recurved at the end of anthesis to reduce the degree of herkogamy and accomplish the autonomous self-fertilization (Klips and Snow 1997) . Furthermore, herkogamy is reported (e) no significant correlation is found between the degree of herkogamy and the contribution of cross-fertilization to overall fertilization, and (f) the degree of herkogamy negatively correlates with the magnitude of pollen limitation. A negative value of the degree of herkogamy indicates that the stigma is lower than the lowest point of the anthers, and the positive value indicates that the sigma is higher than the lowest point of the anthers. No plant of the L-morph is included into the experiment, some plants possess the stigma slightly above the highest point of the anthers, but they are far away from the degree of herkogamy shown in the L-morph.
to correlate negatively with the selfing rate and with seed production following autonomous self-fertilization in a protandrous species Aquilegia caerulea (Brunet and Eckert 1998) . We demonstrated that self-compatible plants were able to obtain more reproductive assurance by reducing the degree of herkogamy in their flowers, which is the first time the relationship between the degree of herkogamy and the capacity for autonomous self-fertilization in a distylous species has been examined.
In Primula vulgaris, another tri-morph primrose, the H-morph is reported to be similar to the S-morph in various floral traits, such as the pollen production and pollen size , which is consistent with our study on P. chungensis. The stigma of the L-morph of P. vulgaris is compatible only with the pollen of One way ANOVA was applied to compare the seed weight among the four pollination treatments in each morph, and a chi-square test was applied to compare the germination rate between selfing and crossing seeds.
the S-morph, but the H-morph is fully self and intra-morph compatible . Unlike this, all three morphs of P. chungensis were highly self-and intra-morph compatible (Fig. 3 ). However, only the H-morph of P. chungensis was capable of effective autonomous self-fertilization (Fig. 5b) . We provide evidence that the degree of herkogamy affected the capacity for autonomous fertilization in this species (Fig. 4) . Therefore, the three morphs of P. chungensis differed considerably in the capacity for autonomous self-fertilization mainly due to the pattern of herkogamy. The herkogamy of the H-morph has been diminished to less than 2 mm (Fig. 1b) , the L-morph displays approach herkogamy (Fig. 1c) and the S-morph exhibits reverse herkogamy (Fig. 1d) . Seed production following the emasculation treatment showed no significant differences among the morphs, which suggests that pollinators showed no difference in the foraging preference among the three morphs of P. chungensis. However, crossfertilization contributed the least to the seed production of the H-morph following open pollination. Therefore, the fact that the H-morph had the highest seed production in the field (Fig. 5a ) can only be explained by the observation that it had the highest capacity for autonomous self-fertilization of the three morphs (Fig. 5b) . The comparison of the seed production following open pollination revealed that the H-morph had high seed production in the field in both 2013 and 2014 (Fig. 5a) . However, the individuals of the H-morph in the population ES had greater average seed production than those in the population BM, perhaps because the altitude of the population BM is greater than that of the population ES, meaning that resources were more limited, the climate was colder and the growing season was shorter in the population BM. The seed production of P. chungensis in the field differed between years, probably due to environmental factors, such as differences in precipitation and temperature between 2013 and 2014.
It has been suggested that P. chungensis is evolving from distyly towards homostyly (Zhou et al. 2017 ). Newly occurring self-fertilized variants are favored by nature if they can get reproductive assurance from autonomous self-fertilization (Zhang and Li 2008) . Our results demonstrated that in P. chungensis, the H-morph displays the highest seed production over two consecutive years in two populations (Fig. 5a ). The L-and S-morphs of P. chungensis suffered severe pollen limitation in one population, and cross-fertilization contributed the least to the seed production of the H-morph in the field. Meanwhile, no severe inbreeding depression was found at the germination stage (Table 1) . Therefore, we believe that autonomous selffertilization provides reproductive assurance to the H-morph of P. chungensis. The H-morph was productive in two populations (Fig. 5a) , and indeed, according to our investigations in the field and from herbarium records into the morph ratios of P. chungensis the H-morph is found in most known populations of P. chungensis, and furthermore, several populations consisted only of individuals of the H-morph (Fig. 2) .
We provide evidence that the self-fertilized H-morph was favored in the field because of the increase in the capacity for autonomous self-fertilization, tested in a primrose that has both obligate cross-fertilized morphs (Sand L-morphs) and a predominantly self-fertilized morph (H-morph). This is the first demonstration that a selfcompatible plant could obtain more reproductive assurance by reducing the degree of herkogamy in the flowers. Our study provides useful information on the evolution of self-fertilization from cross-fertilization, as well as for the ecological factors favoring the breakdown of distyly into homostyly.
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